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Objectives. To investigate mechanisms of textile failure in explanted human aortic endoprostheses.
Materials and methods. Endoprostheses ðn31Þ underwent optical and scanning electron microscopy, filament
dynamometry, and saturation index measurement.
Results. The macroscopic lesions observed in the Stentor and Vanguard devices were holes at the extremities of the stents
and slipping of the warp yarns at the level of sutures or of the longitudinal seams. The macroscopic lesions observed in
AneurX endoprostheses were holes, slipping of the warp yarns and ruptures of the ligatures. The macroscopic lesions
observed in the two Talent endoprostheses were sections of fibers at the level of the suture holes and few areas lesions of wear,
with sometimes holes at the contact of the stent extremities. Stentor, Vanguard and AneurX all demonstrated low saturation
indexes of the fabric (44–59%) with an important anisotropy. Whereas the Talent endograft demonstrated a high index of
saturation (124–131%) with a low anisotropy. We did not demonstrate significant polymer degradation in any of the
endoprostheses.
Conclusions. It is essential to take into account the saturation index to optimally choose a woven textile for the construction
of an endoprosthesis since this property of the textile may contribute to explain the macroscopic lesions observed. We did not
observe significant polymer degradation by filament dynamometry but further studies are needed to confirm these data.
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Introduction
Endovascular treatment of abdominal aortic aneurysm
(AAA), introduced by Parodi1 in 1991, is used in an
increasing number across the world. The technique is
considered less invasive than conventional surgery,
but the impact on morbidity and mortality is unpro-
ven.2 The goal of the technique is to eliminate the risk
of rupture of the aneurysm by excluding the aneur-
ysmal wall from the systemic arterial pressure.
Incomplete sealing, endoleak,3 allows further expan-
sion of the aneurysm with the potential for eventual
rupture. White et al.4,5 distinguished graft-related
endoleaks, from endoleaks due to blood coming
from patent collateral arteries. Since the introduction
many devices have been developed, in several
generations. Initial experience demonstrated the
importance of device stability. However, it is still
uncertain how the ideal device is constructed.
In the beginning of the 90s, we set up a European
collaborative retrieval program in order to analyze the
degenerative phenomenon occurring onto explanted
aortic endoprostheses. In a first study, we demon-
strated that continuous movements of a grafted aorta
and blood pressure impose permanent stress to the
stent frame and the polyester fabrics resulting in frame
dislocation of body middle rings in endovascular stent
tube grafts of first generation.6 We also demonstrated
that Nitinolw stent degradation, and mainly corrosion,
was a factor of long-term stability of the endoprosth-
eses.7
The goal of the present study was to determine the
mechanisms of degradation of the textile structure of
explanted aortic endoprostheses in humans by the
way of a textile and mechanical analysis.
Material and Methods
We analyzed aortic endoprostheses explanted from
1995 to 2002 as a part of our European collaborative
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retrieval program that allowed us to collect 75
explants. The prostheses were studied with the
following techniques.
Characterization of the textile structure
The characterization was performed under a stereo-
scopic microscope (Microscope 1630, Euromex, The
Netherlands), in order to determine the exact textile
definition of the structure used for the construction of
the prostheses. We studied the yarns by measuring the
lineic mass in tex (a yarn with a lineic mass of 1 tex is a
yarn weighting 1 g/km of length), the number of
filaments, and the diameter of the filaments. These
investigations were performed according to the
recommendations of the national and international
textile standards NF G07-316 and ISO 7211-5. A
projection microscope (Projectina, Switzerland) was
used with a high-resolution screen for the measure-
ment of the filament diameters with a good accuracy.
Moreover, this characterization allowed us to note
the location of the textile lesions for the scanning
electron microscopy study.
Finally, we studied the ligatures attaching the stents
together, and the stents to the textile wall in order to
calculate the percentage of ruptured ligatures.
Scanning electron microscopy
We used a scanning electron microscope (Hitachi S-
2360N, Elexience, Verrie`res le Buisson, France), with-
out metalization, in partial vacuum conditions (0.01–
0.2 Torr), and under an accelerating voltage ranging
from 8 to 22 kV. We studied the textile structure for the
characterization and the lesions in order to determine
their mechanisms.
Saturation index measurement
Schematically, the saturation index of a textile struc-
ture characterizes simultaneously the percentage of
spatial occupation of the yarns in the structure and the
relations, mainly the blockages, of the yarns between
them (Fig. 1).
This index was measured in the two axes of the
textile, the weft and the warp axes.
The saturation index of the fabric was obtained by
multiplying together the two saturation indexes of
both axes. The saturation index of the fabric charac-
terized the theoretical percentage of material making
obstacle to blood.
All these parameters were measured by optical and
scanning electron microscopy characterization of the
textile structure. The results were expressed as the
average and the coefficient of variation.
Filament dynamometry
Filaments taken from weft and warp yarns were
studied by dynamometry using a yarn dynamometer
(Lhomargy, Ivry sur Seine, France). The distance
between the dynamometer jaws was 10 mm as
proposed by the recommendations of the national
and international textile standards NF EN ISO 5079.
Twenty specimens were studied for each experiment.
The curves obtained for each specimen were recorded.
The results were expressed as the tenacity in cN/tex
and the lengthening in % with the average value and
the coefficient of variation.
Statistical analysis
The results of filaments dynamometry and saturation
index were compared using a comparison of variance
test (ANOVA), programmed on Windows Visual
Basic, Microsoft.
Results
The characteristics of the endoprostheses were
reported in Table 1.
Fig. 1. Method of calculation of the saturation index of the
textile structure. The saturation index calculated here is the
warp saturation index. (C: number of warp yarns per cm, dc:
diameter of the warp yarns (cm), dt: diameter of the weft
yarns (cm)). In absence of void, the calculated saturation
index is 100%.
N. Chakfe´ et al.34
Eur J Vasc Endovasc Surg Vol 27, January 2004
Characterization of the textile structure and lesions after
implantation
The Stentor endoprostheses
The stents were inside the textile tube and only fixed to
the prosthesis boundaries by a sewing. The textile
structure was a plain weave. The prosthetic structure
was complex. The body and the homolateral limb was
a tubular woven structure made off a flat fabric sewn
using a yarn to close the tube. The controlateral limb
structure was an identical structure but sutured. We
did not study virgin prostheses. The main lesions
observed on the textile of the explants were a shifting
of the warp yarns allowing an opening of the textile
structure. These lesions were probably related to the
sutures, mainly at the level of the longitudinal seam of
the limbs, or to the penetration of the textile by the
stents (Fig. 2). No major lesions of the filaments were
observed.
The Vanguard endoprostheses
The stents were inside the textile tube and were only
fixed to the prosthesis boundaries by a sewing. The
structure was directly woven as a tube with a warp
yarn made of twice normal-filaments number insuring
the liaison. The decrease of diameter from the body to
the homolateral limb was obtained by regularly
leaving and cutting warp yarns. We did not study
virgin prostheses. On the explants, we also observed
areas of shifting of the warp yarns. This phenomenon
appeared to be less frequent than on the Stentor
endoprostheses. We also observed erosions and
ruptures of filaments, particularly on the corrugated
warp yarns on the external side of the textile (Fig. 3).
The AneurX endoprostheses
The stents were outside the textile tube. Each ring of
stent was attached to the textile and the neighbor ring
of stent with braided sutures. The tubular woven
structure was a plain weave without double weft. The
textile lesions had two main aspects: holes on the
fabric and ruptures of the ligatures. The macroscopic
analysis showed that the sites of holes were at the
contact of the extremities of the stents, at the contact of
ruptured stents, and in areas of kinking of the
endoprostheses. The ruptures of the ligatures were
more frequently observed between two rings of stents
(about 30% of ruptures) than between the stents and
the fabric (about 3% of ruptures). Slipping of the warp
yarns was observed in one case of endoprosthesis
implanted for 28 months. The yarns slipped because of
the protrusion of the stents in the textile structure. The
SEM analysis confirmed the presence of signs of
lesions on the prosthetic textile. The holes had
different forms. Some of them were ovoid and the
others more triangular. Their size ranged between 0.5
and 1 mm. The filaments on the holes edges seemed
worn. Other filaments erosions were observed on
areas of contact between the metallic structure of the
stents and the textile (Fig. 4).
The Talent endoprostheses
The stents were outside the textile tube. Each stent was
attached to the textile wall. We studied the textile
structure of the virgin textile on small pieces of textile,
which were provided to us. The textile structure was a
twill weave. Ruptures of ligatures were observed only
on one explant. Few holes were observed on the textile
structure (about 3 per prosthesis), mainly near the
stents (Fig. 5). The SEM analysis showed no degra-
dation on the filaments far from the holes. At the level
of the holes, the filaments were worn and crushed. The
holes had different sizes and shapes. Some of them had
an elliptic or circular shape, since others were as a thin
slit. Their size ranged between 0.2 and 2 mm but most
of the holes had a diameter of 0.5 mm. We also
observed section of filaments at the level of the
punctures performed to pass the sutures (Fig. 6).
The index of saturation
The calculation of the index of saturation showed that
the textile of the Stentor, Vanguard, and Aneur-X
endoprostheses had a high index of saturation in the
warp axis and a low one in the weft axis. Conse-
quently, the saturation index of the fabric was low.
Table 1. Characteristics of the explanted endoprostheses.
Endoprosthesis Stentor Vanguard Aneur-X Talent
Number of specimens studied N ¼ 20 N ¼ 5 N ¼ 4 N ¼ 2
Duration of implantation
Median (range) months 21 (0–48) 7 (1–29) 20.5 (14–28) 21.5 (12–30)
Reason for explantation
Thrombosis 2 1 1 1
Endoleak 14 3 3 1
Rupture of the aneurysm and endoleak 3 1 0 0
Immediate surgical conversion 1 0 0 0
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This important difference of saturation index between
the warp and weft axis characterized a high anisotropy
of the material. The index of saturation of the
explanted Stentor endoprostheses was not influenced
by the duration of implantation. The explanted Aneur-
X endoprostheses had a less tightened structure than
the virgin endoprostheses, since the differences were
statistically different. On the other hand, the Talent
endoprosthesis showed a high index of saturation in
both axes. The high saturation index of the fabric
characterized a low anisotropy of the material
(Table 2).
Filaments dynamometry
For the Stentor endoprostheses, the duration of
implantation of the endoprostheses did not influence
the results of the tenacity. After 35 months of
implantation, the percentage of elongation of the
filaments at rupture statistically decreased for the
warp (48–37%) and the weft (53–46%) filaments
(Table 3).
For the Vanguard endoprostheses, the impact of the
duration of implantation on the tenacity was difficult
to evaluate since we studied only five endoprostheses.
However, the tenacity of the warp and weft filaments
on the endoprosthesis explanted after 29 months
demonstrated a 18% of decrease. The percentage of
elongation at rupture of the filaments was not
influenced by the duration of implantation.
For the AneurX and Talent endoprostheses, the
impact of the duration of implantation on the tenacity
and the elongation at rupture was not evaluated since
we only studied few specimens.
Discussion
Structural lesions of aortic endoprostheses have been
reported in the literature, mainly on their first
generations of devices.6,8,9 However, the turnover of
new devices or prototypes commercialized by manu-
facturers was so quick that it was very difficult for the
surgeons to know which model or generation of model
was really involved when a case of degenerative
complication was reported in the literature.
Fig. 2. Textile lesions observed on the textile structure of the
Stentor endoprostheses. (A) Macroscopic view of a shifting
of the warp yarns at the level of a suture. (B) Macroscopic
view of a shifting of the warp yarns in the woven structure
probably related to the protrusion of a stent. (C) Scanning
electron microscopy (original magnification: £ 50). There is
no major lesion of the filaments at the level of a shifting of the
warp yarns (arrow: warp direction).
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The main interest of a retrieval program of
explanted prostheses is to allow the analysis of a
significant number of prostheses to be able to describe
the characteristics of ageing of the different models of
devices and to learn about the concept itself. However,
a study based on a retrieval program has unavoidable
limitations that must be taken in consideration when
interpreting the results since one may consider that the
probability to find structural lesions onto endoprosth-
eses explanted for a complication is higher than onto
uncomplicated endoprostheses. Moreover, the anal-
ysis must take into account that lesions could have
been created during the explantation of the
endoprosthesis.
Evaluation of the long-term efficacy of an aortic
endoprosthesis requires two levels of evaluation: the
preclinical mechanical evaluation and the clinical
evaluation. Since little is known about the biomecha-
nic of aortic endoprostheses implanted in an aortic
aneurysm, we are not still able to propose tests, which
may predict the long-term behavior of the device.
Consequently, the obligation of clinical evaluations is
now admitted by surgeons, manufacturers and health
authorities in order to detect as soon as possible the
failure tendency of a device.
Our study of structural and mechanical evaluation
of explanted aortic endoprostheses was highly comp-
lementary to the two previous evaluations. It allowed
to study the device at a macroscopical, mesoscopical,
and microscopical level. The macroscopical approach
allowed the study of the textile by the characterization
of its structure and the measure of its index of
saturation, and the study of the major lesions of the
textile, their localization, and their relations with
adjacent structures such as the ligatures and the stents.
The mesoscopical approach characterized the struc-
ture and the deformation of the yarns and their
filaments. The microscopical approach allowed the
polymer behavior, which was evaluated in this work
by the study of the mechanical behavior of the
filaments. Moreover, if we may consider that there is
a poor interest to publish clinical data about devices
withdrawn from the market, their structural evalu-
ation may be highly informative by providing data
about their concept and by comparing these data with
those obtained with still commercialized devices.
Our investigations were conducted on four models
Fig. 3. Scanning electron microscopy of the lesions observed
on the textile of the Vanguard endoprosthesis. (A) Original
magnification: £ 40. (B) Original magnification: £ 80 and
(C) original magnification: £ 80. Note the erosions and the
ruptures of filaments on the corrugated warp yarns on the
external side of the textile (arrow: warp direction).
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of aortic endoprostheses, two models of the first
generations but withdrawn from the market, the
Stentor and the Vanguard devices, and two models
still worldwide implanted, the AneurX and the Talent
devices.
The Stentor, Vanguard and Aneur-X devices were
constructed with textiles with a low index of satur-
ation of the fabric, and the Talent device was
constructed with a high index of saturation of the
fabric. We showed that the textile structure, by the way
of its index of saturation, was a major factor to explain
the lesions occurring during the implantation. In the
case of the Stentor, Vanguard, and AneurX endo-
prostheses, the high saturation index in the warp axis
did not allow the weft yarns to move inside the textile
structure since their are fixed by the warp yarns. On
the other hand, the low saturation index in the weft
axis provides more space to the warp yarns to move
inside the textile structure than the warp yarns (Fig. 7).
These anisotropy of the structure allows the following
phenomenon observed on the endoprostheses: a
slipping of the warp yarns at the level of the sutures,
Fig. 4. Textile lesions observed on the textile structure of the AneurX endoprostheses. (A) Macroscopic view of ruptured
stents and ligatures. (B) Scanning electron microscopy (original magnification: £ 250): hole with degradation of the filaments
related to the contact with the stent. The filaments on the holes edges seemed worn. (C) Scanning electron microscopy
(original magnification: £ 800): filaments erosions were observed on areas of contact between the metallic structure of the
stents and the textile. (D) Scanning electron microscopy (original magnification: £ 200): lesions of the textile created by the
stents on the external side of the textile (arrow: warp direction).
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and a protrusion of the stents inside a deformable
textile structure. The mechanical study of the Stentor
prostheses demonstrated that the degradation of the
polymer during the implantation was not responsible
for the lesions observed onto the endoprostheses
despite the decrease of tenacity observed on their
warp filaments. The textile structure of the Talent
endoprosthesis was different from the three other
prostheses since its saturation index was high on both
warp and weft axes. This fabric demonstrated the
lower anisotropy of the four endoprostheses we
studied. Consequently, the textile structure was not
deformable and did not allow yarns slipping or
protrusion of the stents inside it. However, the high
index of saturation may have drawbacks. It increases
the rigidity of the textile, which can be responsible for
areas of wearing leading sometimes to holes at the
contact of the stent extremities, since the stents are
tightly sutured to the textile in this device. Moreover, it
can also explain sections of fibers at the level of the
suture holes that were probably done by the needles
that were used to pass the braided ligature through
textile. Because of the compaction, the yarns of the
textile cannot be separated by the needle and then are
perforated.
Our work can provide the following conclusions
about the prosthetic wall structure and the stent-
material interactions of an aortic endoprosthesis. We
believe that it is essential to take into account the
saturation index to optimally choose a woven textile
for the construction of an endoprosthesis. The satur-
ation index of a woven structure characterizes simul-
taneously the percentage of spatial occupation of the
yarns in the structure and the relations, mainly the
blockages, of the yarns between them. This index is
measured in the two axes of the textile, the weft and
the warp axes. A low value of saturation index
indicates that the textile structure is less dense than
the theoretical maximum. A woven structure with a
low saturation index can be described as deformable.
On the other hand, a high saturation index enhances
the cohesion of the woven structure but also its
rigidity. At its maximum, this rigidity can approach
those of a plain polymer membrane that did not fit
Table 3. Results of the filament dynamometry (CV: coefficient of variation).
Endoprosthesis Warp filaments Weft filaments
Tenacity
(cN/tex)
Elongation
(%)
Tenacity
(cN/tex)
Elongation
(%)
Stentor Explanted Mean
CV %
35.23
5.97
43.76
19.26
35.99
10.23
51.19
18.02
Vanguard Explanted Mean
CV %
43.98
6.80
30.40
3.95
42.20
6.91
32.99
22.69
AneurX Virgin Mean
CV %
30.00
0.12
57.49
4.09
31.86
2.22
64.75
11.59
Explanted Mean
CV %
33.45
11.39
51.64
7.78
33.23
15.82
62.56
9.08
Talent Virgin Mean
CV %
34.77
0.59
66.14
3.34
41.17
0.82
78.69
7.97
Explanted Mean
CV %
36.25
0.59
54.18
0.05
34.89
8.91
64.69
14.24
Table 2. Saturation index of the textile structure of the endoprostheses (CV: coefficient of variation; Isc: saturation index in the warp axis;
Ist: saturation index in the weft axis; Ise: saturation index of the fabric).
Endoprosthesis Isc (%) Ist (%) Ise (%)
Stentor Explanted Mean
CV %
118.7
3.8
36.3
5.5
44.0
8.2
Vanguard Explanted Mean
CV %
97.2
2.3
46.0
3.3
44.7
2.7
AneurX Virgin Mean
CV %
100.2
0.0
58.6
0.3
58.7
0.2
Explanted Mean
CV %
97.3
3.9
50.2
7.9
49.0
11.7
Talent Virgin Mean
CV %
103.6
–
126.1
–
130.7
–
Explanted Mean
CV %
98.2
0.4
126.3
6.9
124.0
7.4
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with the conditions of use of an endoprosthesis.
Moreover, a high saturation index presents the
advantage to improve the sealing of the endopros-
thetic wall, but also the drawback of reducing the
compaction properties of the fabric for its implan-
tation. The use of monofilaments rather than multi-
filaments yarns for the construction of the textile has
several consequences. The use of a monofilament
reduces the risk of wear of filaments and of anchorage
of the stents in the textile, mainly if they are large
Fig. 6. Textile lesions observed on the textile structure of the
Talent endoprostheses. (A) Scanning electron microscopy
(original magnification: £ 200): note the section of the
filaments by the puncture when inserting the braided
ligature. (B) Scanning electron microscopy (original magni-
fication: £ 100): the hole is developed at the contact of the
stent. Note the wear of the filaments by the stents. (C)
Scanning electron microscopy (original magnification: £ 50):
a more important hole with signs of wear of the filaments.
Fig. 5. Textile lesions observed on the textile structure of the
Talent endoprostheses. (A) Macroscopic view of a ligature
rupture. (B) Macroscopic view of a hole on the textile.
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diameter filaments. On the other hand, the use of a
monofilament with a too high diameter increases
dramatically the rigidity of the woven structure.
The knowledge about stent-material interactions in
an aortic endoprosthesis must also be improved to
propose more relevant choices of textile structures.
The main factors influencing these interactions were
the location of the stent skeleton inside or outside the
textile, the type of sutures used to fix the stent rings
together, the type and the number of ligatures fixing
the stents to the textile. We observed that very rigid
polypropylene ligatures were able to dissociate textile
structures with a low saturation index. Moreover, this
kind of textile can be easily dissociated by the stents
themselves, depending of their mobility in the
endoprosthesis and of their shape. On the other
hand, localized areas of wear may occur on high
saturation index textiles when they are too tightly
fixed to the stents, mainly in case of important arterial
tortuosities responsible for kinks.
We did not conclude to significant polymer degra-
dation by filament dynamometry. However, we will
study polymer degradation in the future by using
more precise and specific techniques such as the
method of the critical dissolution time to evaluate the
state of macromolecular degradation of the polyester
yarns,10 iodine sorption11 or thermomechanical
analysis.
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